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The human apolipoprotein E gene (APOE; OMIM 107741), located on chromosome 19q13.2, is central to the metabolism of low density lipoprotein (LDL) cholesterol and triglycerides and has been associated with increased risk of a variety of complex and age-related disorders (1) . These include coronary heart disease events (2) , atherosclerosis (3), age-related macular degeneration (AMD) (4), Alzheimer's disease (5) , and other dementias (6) . The small, multifunctional apolipoprotein E lipid transport protein acts as a ligand for the LDL receptor and is also involved in the maintenance and repair of neuronal cell membranes in the central and peripheral nervous systems. Variation in 2 single nucleotide polymorphisms (SNPs) within the APOE gene, rs429358 and rs7412, results in different isoforms reported to exert opposite effects in relation to the metabolism of coronary heart disease-related blood products such as LDL cholesterol and triglycerides (3, 7, 8) . The allelic variants derived from these SNPs are commonly referred to as e2, e3, and e4 and are differentiated on the basis of cysteine (Cys) and arginine (Arg) residue interchanges at positions 112 and 158 in the amino acid sequence. The 3 variants give rise to 6 biallelic genotypes (e3/e3, e3/e4, e2/e3, e4/e4, e2/e4, and e2/e2, ranked from most to least common among European populations (3)). The e2 allele has a cysteine residue at positions 112 and 158 in the receptor-binding region of apolipoprotein E. The e3 allele has residues Cys-112 and Arg-158, and the e4 allele has arginine residues at both positions. These amino acid substitutions have strong physiologic consequences for protein function.
Life expectancy in Western countries has risen by 3 months per year over the past 160 years, with a net increase of approximately 40 years within this time frame, largely as a consequence of reductions in malnutrition and childhood infection (9) . A number of reports on human longevity have shown that the frequency of the e4 allele is lower in older age groups, such as octogenarians, nonagenarians, and centenarians, than in younger or middle-aged persons (10) and that absence of an e4 allele appears to be a favorable survival factor. In populations of European origin, an elevated mortality risk has been reported for the e3/e4 genotype relative to the e3/e3 genotype, with a slightly decreased risk being associated with the e2/e3 genotype (11, 12) . Furthermore, a gender-specific survival effect associated with e2 has been reported, although whether this is specific to males or females is as yet unclear, with opposing associations with both genders being reported (13, 14) .
The analyses undertaken in this study were subsidiary to a pooled data analysis assessing APOE variation in the context of AMD. The authors examined the association of APOE with age as a marker for longevity and assessed the potential for a gender-specific effect.
MATERIALS AND METHODS

Study population
The data originated from 15 studies carried out at 40 study centers in 11 countries: 9 in Europe (United Kingdom, Germany, Netherlands, Norway, Estonia, Italy, France, Greece, and Spain), the United States, and Australia, which had previously examined the association of APOE with AMD (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . The dates of the studies ranged from 1990 to 2009. Analysis was restricted to samples derived from participants of European descent (n ¼ 24,774). Individual participant data, including age, gender, smoking status (ever smoker vs. never smoker), and APOE genotype, were available for 23,686 persons, enabling us to conduct a pooled data analysis. The Alzheimer's disease status of these participants was not available. We restricted the analysis to 10,623 participants with no evidence of any AMD, classified by means of retinal photography or clinical examination, in order to avoid confounding by disease status due to a prior association of variation within the APOE gene and AMD (4) . Investigators from 3 studies-the Rotterdam Study, the Women's Health Initiative Sight Exam Study, and the European Eye Study-provided data derived from samples acquired through population-based surveys (n ¼ 7,023). The remainder of the data came from case-control (association) studies.
Data on age at examination, gender, smoking status (ever vs. never), APOE genotype, and AMD phenotype were requested from each contributing center ( Table 1) . All of the studies were approved by local ethics review boards, and each participant provided written informed consent prior to recruitment. Recruitment procedures and detailed AMD grading methods for each study center have been described previously (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) .
Statistical analysis
Both SNPs were assessed for departure from HardyWeinberg equilibrium by study, using a v 2 goodness-of-fit test. Data were categorized on the basis of age into 8 groups ( 60, 61-65, 66-70, 71-75, 76-80, 81-85, 86-90, and >90 years). Separate analyses were performed for each of the 3 APOE alleles in the data set. Logistic regression was used to assess the variation in APOE allele frequencies across age groups, with center, gender, and smoking included in the regression to adjust for possible confounding. A likelihood ratio v 2 test was used to compare models that included and excluded a linear term for age group, thus providing a test for trend in allele frequency across age groups. This analysis also provided an odds ratio summarizing the change in odds for each allele per 5-year increase in age. Interactions between gender and age and between center and age were also tested in the logistic regression using likelihood ratio tests which compared models that included and excluded the interaction terms.
RESULTS
APOE allele frequency with age
No departure from Hardy-Weinberg equilibrium was detected for either SNP by center or within the entire data set. APOE allele frequencies varied between studies (data not shown), with ranges of 6.7%-10.0% (APOE e2), 75.3%-82.8% (APOE e3), and 7.5%-15.6% (APOE e4). APOE genotype frequencies for the 10,623 controls are shown in Table 2 . The frequency of the e4 allele decreased from 17.6% to 8.3% (À9.3%) with increasing age, while the frequency of the e3 allele increased from 73.3% to 83.3% (þ10.0%) (Table 3, Figure 1 ). Following adjustment for center and smoking status to limit potential confounding, we observed a significant decrease in the frequency of e4 with increasing age (v 2 ¼ 14.9 (1 df); P ¼ 0.0001), representing a 5% decrease in odds per 5-year increase in age (odds ratio ¼ 0.95, 95% confidence interval: 0.92, 0.97), as well as a significantly increased frequency of e3 (v 2 ¼ 11.3 (1 df); P ¼ 0.001), representing a 4% increase in odds per 5-year increase in age (odds ratio ¼ 1.04, 95% confidence interval: 1.02, 1.07). The frequency of the e2 allele showed little variation with age. The relations between allele frequency and age in males and females were compared by including an age 3 gender interaction in the logistic regression analysis, but none of the interactions were significant (likelihood ratio v 2 test: e2, P ¼ 0.13; e3, P ¼ 0.25; e4,
Tests of age 3 center interactions were also conducted and showed no evidence of heterogeneity in age effects by center (likelihood ratio v 2 test: e2, P ¼ 0.21; e3, P ¼ 0.88; e4, P ¼ 0.38).
Although the number of persons who were homozygous for the e4 isoform was low at 1.9% (Table 2) , the age-related effect observed was most prominent in e4 homozygotes, with a 70% reduction in frequency from 2.7% in persons aged 60 years or less to 0.8% in those over age 85 years (Table 2) . A decreased frequency of 35% was also observed in e3/e4 heterozygotes, with a reduction from 26.8% to 17 .5% recorded over the same age range (Table 2) . Persons who were heterozygous for the e2/e4 genotype showed a nonsignificant change of 0.7% in frequency within this age range, from 3.1% to 2.4% (Table 2) .
DISCUSSION
In previous studies, investigators have reported increased mortality associated with the e4 allele of the APOE gene, and this has been partly attributed to the increased risk this isoform poses in relation to coronary heart disease, atherosclerosis, Alzheimer's disease, and other dementias (1-3, 5-7). Various hypotheses have been proposed surrounding the functionality of this small, multifunctional lipid transport protein, particularly through its role as a ligand for LDL cholesterol and triglycerides and its involvement in the maintenance and repair of neuronal cells. The APOE isoforms generated from the different alleles interact differently with the lipoprotein receptors, leading to altered cholesterol levels. High levels of LDL cholesterol are associated with APOE e4, low levels with e2, and intermediate levels with e3 (29). However, the exact mechanisms regarding the association of APOE with increased mortality, and indeed its association with a variety of disease and pathologic processes conferring increased or decreased risk, have yet to be elucidated. A study by Seripa et al. (13) suggested an association of decreased mortality with the e2 allele in males only, particularly in relation to dementia and cardiovascular disease (n ¼ 1,710; 757 males). Another smaller independent study (14) suggested that the reduced mortality associated with e2 was specific to women, and thus there is some confusion with regard to the direction and magnitude of any potential gender difference. To our knowledge, our study was one of the largest to assess the relation between APOE and age to date, and we found no evidence to suggest that the association with age and APOE was different in women compared with men; therefore, our results do not suggest that differences in longevity between men and women are explained by APOE.
Other studies with smaller sample sizes have found lower rates of mortality associated with e2 relative to e3 with age (12, 30) , but our data did not support these findings, with a small but nonsignificant variation in the relation of e2 with age being observed. However, with only 66 participants over age 90 years in this study, this age category was not well represented. This may explain why previous findings of an increased e2 allele frequency in the elderly were not confirmed in this study. Furthermore, our results did not show an effect of interaction between age and AMD phenotype on APOE allele frequency prevalence, indicative that the observed effect occurs independently of AMD (data not shown). Note that e4 has been previously reported to exert a protective effect against AMD (4, 15, 31, 32) , and as such, an inflated frequency of this allele may be represented within the AMDfree control samples used in this study, compared with the frequency actually present in the general population.
Our findings offer further support to recently reported findings implicating the APOE region in longevity (33) . Although the platform used in the study by Sebastiani et al. (33) did not genotype either rs429358 or rs7412 directly, an intronic SNP rs2075650, located in a gene called TOMM40, was used as a strong proxy for rs429358, as the 2 SNPs have previously been shown to be in strong linkage disequilibrium (34) . The high level of linkage disequilibrium which exists between TOMM40 and APOE makes it difficult to identify the causal variant associated with the effect observed at this locus (34) . Sebastiani et al. (33) also assessed the association of this region with longevity for an interaction with gender but could find no evidence to support effect modification.
Our results show that variation in control allele frequencies needs to be carefully considered in relation to association studies of age-related conditions. Failure to do so will result in serious confounding, with an impact on unadjusted association studies that is often not appreciated; many investigators assume that frequencies are constant across the life span, and this is especially so when the incidence of the disease in question increases with age (35) . It has been estimated from cross-sectional studies that the frequency distribution of the e4 allele halves between the ages of 60 and 85 years (35) , and this is supported by the current study. A decrease in the frequency of e4 is likely to occur as a consequence of increased risk associated with this allele in relation to coronary heart disease, atherosclerosis, Alzheimer's disease, and other dementias (1) . Association studies of age-related disorders investigating the effects of genes that may be influenced by longevity may yield greater variation in allele frequencies between controls alone than between cases and controls. While adjustment for age is imperative to limit confounding under these circumstances, caution is recommended in considering associations such as that for APOE, in case-control studies that are not well-matched for age.
The magnitude of the effect measured and the associated level of significance will be limited by sample size and the allele frequencies present within the population in question, which varies significantly in the case of APOE. APOE allele frequencies measured in this investigation (data not shown) varied by study, between 6.7% and 10.0% for e2, 75.3% and 82.8% for e3, and 7.5% and 15.6% for e4. Geographic variation in APOE allele frequencies has been reported previously, with a resultant impact on statistical power (36) (37) (38) . It was not possible for us to ascertain the geographic origin of each participant individually within this study, but adjustment for potential confounding by study bias/location was incorporated into our analyses to assess the relation between APOE and age. Since it was not possible to genotype markers that were informative for ancestry in these samples, we cannot rule out the possibility that population stratification could have made some contribution to our findings. Adjustment for center partly addressed some of the issues raised by Lewis and Brunner (30) with respect to population stratification and variation in genotype frequencies. Furthermore, individual smoking status data were available for subjects, although adjustment for this lifestyle risk factor failed to have any significant impact on the associations inferred.
The statistical analyses for measuring the effects of gender and age in the current study were performed on categorized data, which were arbitrarily grouped into 5-year intervals prior to undertaking the analysis. The data from this study support a 5% reduction in the odds for the e4 allele every 5 years beyond the age of 60 years, while the associated odds for the e3 allele increased by 4% across the same time period. Narrower and broader age intervals were assessed, with little change in terms of the significance of the effect observed, as was the case when age was treated as a continuous variable.
Limitations of our study to accurately assess the role of APOE in longevity pertain to the impact associated with this gene on debilitating diseases such as coronary heart disease, atherosclerosis, or age-related disorders, such as Alzheimer's disease and other dementias. Persons who are affected by such diseases may be less likely to participate in a casecontrol study. In addition, AMD was ruled out in our study subjects, which could also have had some effect, since APOE has been reported to be associated with AMD in previous studies (4, 15, 31, 32) . We suspect that these effects would have been small, but ideally a prospective population-based study with a sufficient sample size and follow-up would be best placed to offer an unbiased and accurate reflection on the role of APOE in longevity.
The current study strongly supports the association of APOE alleles with human longevity by demonstrating variation in APOE allele frequencies in older persons and illustrates the potential confounding effect of age in association studies on APOE. The underlying mechanism behind the association of APOE with age remains to be elucidated.
